Gibberellins (GAs) are plant hormones with diverse roles in plant growth and development. SPINDLY (SPY) is one of several genes identified in Arabidopsis that are involved in GA response and it is thought to encode an O-GlcNAc transferase. Genetic analysis suggests that SPY negatively regulates GA response. To test the hypothesis that SPY acts specifically as a negatively acting component of GA signal transduction, spy mutants and plants containing a 35S:SPY construct have been examined. A detailed investigation of the spy mutant phenotype suggests that SPY may play a role in plant development beyond its role in GA signaling. Consistent with this suggestion, the analysis of spy er plants suggests that the ERECTA (ER) gene, which has not been implicated as having a role in GA signaling, appears to enhance the non-GA spy mutant phenotypes. Arabidopsis plants containing a 35S:SPY construct possess reduced GA response at seed germination, but also possess phenotypes consistent with increased GA response, although not identical to spy mutants, during later vegetative and reproductive development. Based on these results, the hypothesis that SPY is specific for GA signaling is rejected. Instead, it is proposed that SPY is a negative regulator of GA response that has additional roles in plant development.
Gibberellins (GAs) are diterpenoid hormones with multiple roles in plant development. For example, GAs promote seed germination in many, but not all, species and abscisic acid (ABA) can often antagonize the action of GA. A well-studied example is the role of GA and ABA in the germination and reserve mobilization in monocot seeds (Lovegrove and Hooley, 2000) . Perhaps the best known physiological role of GAs is the promotion of shoot extension growth across a wide range of species. The importance of GAs in vegetative growth is illustrated by Mendel's dwarf pea (Lester et al., 1997; Martin et al., 1997) and the "green revolution" rht dwarfing alleles (Peng et al., 1999 ) that cause reduced GA biosynthesis and response, respectively. GAs are also involved in flower induction in some species, although the role of GA appears to be complex and it varies from species to species (Evans, 1999) .
The physiological role of GAs has been investigated over many years by a variety of approaches, including the application of active GAs and their precursors, chemical inhibitors of GA biosynthesis, and the analysis of mutants in plants such as maize, pea, and Arabidopsis. In whole plants, GA action involves the coordinated processes of GA metabolism (biosynthesis and catabolism) and GA signal transduction. Over the last several years, many of the enzymes involved in the synthesis and degradation of biologically active GAs such as GA 1 and GA 4 have been characterized at the molecular and biochemical levels. In addition, the understanding of the controls of GA biosynthesis, particularly the homeostatic control of GA levels within the plant and the regulation of GA biosynthesis by environmental signals such as light, has increased greatly (Kamiya and GarciaMartinez, 1999) . The well-characterized role of GAs in promoting stem elongation, combined with the cloning of several genes encoding GA enzymes, has also opened up the possibility of using genetic engineering to control the growth of crop plants (Hedden and Phillips, 2000) .
The last few years have also seen considerable progress in understanding GA signal transduction, largely based on molecular-genetic analysis using Arabidopsis and the aleurone system of monocotyledonous grains. This work has led to the identification of several GA-signaling proteins including RGA (RE-PRESSOR OF GA1-3), GAI (GA INSENSITITIVE), SPY (SPINDLY), SHI (SHORT INTERNODES), and PKL (PICKLE), in Arabidopsis (Thornton et al., 1999) , and GAMyb in barley (Gubler et al., 1999) . A role for heterotrimeric G proteins has also be suggested, based on work with inhibitors in wild oat aleurones (Jones et al., 1998) and analysis of the d1 mutant of rice (Ashikari et al., 1999; Fujisawa et al., 1999) . Several second messengers that play a role in the process have also been identified (Lovegrove and Hooley, 2000) .
The SPY locus was originally identified in a genetic screen for increased GA response mutants able to germinate in the presence of paclobutrazol, a chemical inhibitor that acts early in the GA biosynthesis pathway and prevents germination of wild-type (WT) seeds (Jacobsen and Olszewski, 1993) . Additional alleles have subsequently been identified as suppressors of GA deficiency caused by the ga1-3 mutation and as suppressors of the reduced GA response gain-of-function gai dwarf mutant (Wilson and Somerville, 1995; Peng et al., 1997; Silverstone et al., 1997) . Based on the loss-of-function spy mutant phenotype, SPY is genetically defined as a negatively acting component of the GA signal transduction pathway. To further address SPY's function, Robertson et al. (1998) used the Arabidopsis SPY gene to identify and then to investigate the role of the barley SPY (HvSPY) in GA response of barley aleurone cells. Expression of HvSPY in Arabidopsis spy mutants partially suppresses the mutant phenotype, suggesting that HvSPY is the barley ortholog of SPY. Consistent with SPY's proposed role as a negative regulator of GA signaling, cobombarding HvSPY driven by a constitutive promoter into aleurone cells with a ␤-glucuronidase reporter gene under the control of an ␣-amylase promoter blocked the GA stimulated activation of the reporter. In an unexpected result, HvSPY also induced expression of an ABA-regulated dehydrin gene, suggesting that at least when highly expressed in aleurone cells, HvSPY may also modify the expression of genes that are not regulated by GA. Another unexpected result was that in the absence of exogenous GA, HvSPY caused a small but significant increase in ␣-amylase reporter activity (Robertson et al., 1998) .
The predicted amino acid sequence of SPY and HvSPY exhibit significant similarity, extending through the N-terminal tetratricopeptide repeat (TPR) domain and the C-terminal putative catalytic domain to cytosolic O-linked N-acetyl glucosamine (GlcNAc) transferases (OGTs; Thornton et al., 1999; Roos and Hanover, 2000) . Genetic analysis of spy mutants indicates that the N-and C-terminal domains participate in GA signal transduction (Jacobsen et al., 1996) . TPR domains in other proteins have been shown to participate in protein-protein interactions, suggesting that SPY is part of a multiprotein complex. Several spy mutants have been found to contain alterations in terminal GlcNAc modification in protein extracts and SPY produced using the baculovirus expression system has GlcNAc transferase activity (Thornton et al., 1999) . The OGT enzyme activity was originally identified in mammals, most of the information on OGT function is based on the study of animal systems. Current models of SPY function in plants are based on these studies. OGT is present in the cytosol and nucleus, and O-GlcNAc modification of cytosolic and nuclear proteins is about as common and as readily reversible as Ser/ Thr phosphorylation (Snow and Hart, 1998; Comer and Hart, 2000) . Animal OGT transfers a single GlcNAc molecule from UDP-GlcNAc to specific Ser and/or Thr residues of target proteins, all of which are phosphoproteins and components of multiprotein complexes. Deletion of the mouse O-GlcNAc transferase gene causes embryo lethality (Shafi et al., 2000) , suggesting that O-GlcNAc modification plays a role in essential and diverse signal transduction pathways controlling animal development and physiology.
Detailed analysis of mutant plant phenotypes is one of the most powerful ways to determine the biochemical function and physiological role of individual genes in plant development. The phenotype of spy mutants has, therefore, been examined in more detail, particularly in regard to SPY's proposed role in negatively regulating GA signal transduction. We have also overexpressed the SPY mRNA as an additional approach to understanding the role of SPY in GA signaling and plant development.
RESULTS

spy Mutants Are Not Complete Phenocopies of GA-Treated WT Plants
Previous work with spy mutants had led to the conclusion that the action of SPY is restricted to the GA signal transduction pathway. This hypothesis was tested by a more detailed examination of the spy mutant phenotype, including two severe mutants, spy-2 and spy-4. The spy-2 mutation alters RNA splicing, whereas the spy-4 allele possesses a T-DNA insertion just upstream of the SPY coding region that results in reduced SPY mRNA levels (Jacobsen et al., 1996) . In contrast to the previously reported observations that loss-of-function spy mutants in the Columbia and Wassilewskija (WS) backgrounds resemble GA-treated WT plants (Jacobsen and Olszewski, 1993; Jacobsen et al., 1996) , in the Landsberg-erecta (La-er) background spy-2 and spy-4 mutants display novel whole plant phenotypes not expected for plants with a specific increase in GA response. For example, although GAs promote internode elongation in Arabidopsis, in this genetic background, spy-2 (0.53 Ϯ 0.03 cm) and spy-4 (0.31 Ϯ 0.03 cm) possess significantly (P Ͻ 0.001) shorter internodes than WT La-er plants (2.26 Ϯ 0.18 cm). These mutants are also smaller than WT La-er plants in terms of rosette size, they have abnormal phylotaxy of flowers on the inflorescence, and they do not obviously resemble GAtreated La-er plants. Thus, the phenotype displayed by severe spy mutants is modified by the genetic background. One possibility is that the different alleles of ER in Columbia and WS versus La-er is responsible for these differences, with the reduced ER activity in La-er modifying the spy phenotype. This hypothesis was confirmed when a similar effect on the spy-4 phenotype was observed by combining spy-4 with the loss-of-function er-102 allele (Torii et al., 1996) in the Columbia background (data not shown). Despite the dramatic effect of er mutations on the spy mutant phenotype, spy mutations in the La-er background are still able to increase GA response. For example, La-er spy alleles partially suppress the dwarf phenotype caused by chemical inhibitors of GA biosynthesis, and by the ga1 or gai mutations (Carol et al., 1995; Peng et al., 1997; Silverstone et al., 1997) .
The phenotype of spy-4 in the La-er genetic background prompted us to more carefully examine this allele in the Columbia background (Table I ). This analysis revealed that even in a background where spy-4 does display the expected "spindly" phenotype, mutant plants are only a partial phenocopy of WT plants treated with GA. Although some mutant phenotypes are similar to the effect of treating WT plants with repeated and high doses of GA 3 , others are opposite to the observed effect of applied GA or the predicted effect of increased GA response. For example, spy-4 plants and WT treated with GA 3 flower with fewer rosette leaves than untreated WT plants, whereas loss of SPY function, at least for severe alleles, and GA 3 treatment have opposite effects on rosette leaf length.
Constructs Designed to Overexpress SPY Are Not Equally Effective at Preventing Germination of spy Seeds
In an attempt to further test the hypothesis that SPY acts to inhibit GA signaling and to explore the role of SPY in plant development, a number of constructs were made in which the 35S promoter from cauliflower mosaic virus was used to drive expression of SPY (Fig. 1) . Constructs containing the genomic and cDNA sequence were used. In addition, a construct was prepared in which expression of the SPY cDNA was under the control of the presumed SPY promoter ( Fig. 1 ; data not shown). The functionality of the different constructs was determined by introducing them into spy-2 or spy-3 plants and determining if the sensitivity of germination to paclobutrazol was restored.
The two 35S:genomic SPY constructs (Fig. 1, A and B) were capable of fully restoring paclobutrazol sensitivity to spy-3 seeds, confirming that these constructs produce biologically active SPY protein in transgenic plants. By contrast, constructs with 35S driving expression of the cDNA (Fig. 1 , C-E) were generally not fully effective at preventing germination of spy-3 on paclobutrazol, although one line containing construct C was able to prevent spy-3 seeds from germinating ( Fig. 1 ). It appears that this result is not due to mutated or missing translated cDNA sequence, since the same SPY coding region driven by the SPY promoter (construct F) was completely effective at functionally complementing the spy-2 and spy-3 mutations at germination ( Fig. 1 ) and throughout plant development (data not shown). These results suggest that the choice of promoter and the presence or absence of the first intron and exon influence the functionality of the construct. Further analysis was restricted to construct A, which was most effective of the 35S-driven constructs. Although we originally examined construct A in the spy-3 background (see above), most of the analysis of older plants was done in a WT SPY background because of the nature of the observed 35S:SPY phenotypes (see below). Nevertheless, the 35S:SPY construct appears to cause identical phenotypes in the WT SPY and spy Ϫ genetic backgrounds (e.g. for germination and hypocotyl length, see below).
35S:SPY Plants Have Elevated SPY mRNA Levels
Northern-blot analysis confirmed that construct A caused overexpression of SPY in young seedlings ( Fig. 2 ) in the spy-3 and WT SPY backgrounds. The line spy-3 ϩ 35S:SPY #4 rescues the germination phenotype of spy-3 ( Fig. 1 ) and contains elevated levels Table I . spy-4 plants are not phenocopies of WT plants treated with GA 3 Plants were grown in standard long day (LD) conditions.
WT ( of SPY mRNA that is the same size as the endogenous SPY transcript. This result was confirmed when poly(A) ϩ mRNA was examined (data not shown).
35S:SPY Reduces GA Response during Seed Germination
One prediction of the hypothesis that SPY is a negative regulator of GA responses is that 35S:SPY seeds will have decreased GA response and, as a consequence, an increased response to ABA. To test this hypothesis seeds were collected from plants grown together under identical conditions and germinated on various concentrations of paclobutrazol, to prevent de novo GA biosynthesis, or ABA (Fig. 3) .
As has been shown previously, spy-3 seeds were less sensitive than WT seeds to paclobutrazol (Jacobsen et al., 1993) and ABA (Steber et al., 1998) , whereas 35S:SPY seeds were more sensitive to these growth regulators. This result was observed for multiple independent lines in the WT and spy-3 genetic backgrounds, including the lines 35S:SPY #2 and spy-3 ϩ 35S:SPY #4. As expected, if SPY is a negatively acting component of the GA signaling pathway, these results suggest that GA sensitivity is increased by reducing SPY activity and decreased by increasing SPY activity. On media without growth regulators, 35S: SPY seeds germinate more slowly (1-2 d later) than WT seeds, but after several days, a similar proportion (typically about 95%) of seeds germinate (data not shown).
Hypocotyl Elongation Is Altered in 35S:SPY Lines and in spy Mutants
Since GAs are one of the many factors known to influence hypocotyl length, the effects of several spy mutations and the 35S:SPY construct on this phenotype were examined. To eliminate possible complicating effects caused by altered photoreceptor levels or activity, final hypocotyl length was measured for dark-grown seedlings (Fig. 4) . As previously shown for light-grown seedlings (Silverstone et al., 1997) , spy mutations are able to partially suppress the short hypocotyl phenotype of ga1. In contrast, when grown Northern-blot analysis of total RNA from 11-d-old WT seedlings and two independent 35S:SPY lines hybridized with a SPY cDNA probe. SPY mRNA of the same size as the major band observed in 35S:SPY lines was detected from WT seedlings if the film was exposed for a longer period of time. Equal loading of RNA was confirmed by visualizing the RNA with ethidium bromide. Line number 4 is also homozygous for the spy-3 mutation. Lines #2 and #4 display phenotypes typical of 35S:SPY plants. Exon 1 is not translated and the apparent start codon is represented by an arrow in exon 2. The stop codon is represented by an asterisk. Exon 1 is 324 bp and intron 1 is 320 bp. The size of the promoter used in construct F is about 2.8 kb from the 5Ј end to the start codon. The square in constructs E and F represents an N-terminal epitope tag from the pRSET vector (Kroll et al., 1993) . Bottom, Seed germination on 1.2 ϫ 10 Ϫ4 M paclobutrazol after 10 d for WT and spy mutant seeds, and for seeds homozygous for spy-2 or spy-3 and a single transgene locus. A through F correspond to the constructs shown in the top panel, and each gray vertical bar represents an independent transgenic line.
on a saturating dose of 3 ϫ 10 Ϫ4 M GA 3 , ga1 spy double mutants possessed shorter hypocotyls than similarly treated ga1 plants. A similar observation was made by Silverstone et al. (1997) in the La-er background for light-grown seedlings.
The effect of several spy mutations and the 35S:SPY construct on dark-grown hypocotyl length was also examined in the GA1 (i.e. otherwise WT) background. To varying degrees, different spy mutants were found to have short hypocotyls (P Ͻ 0.01) compared with WT Columbia plants (Fig. 4b) . In white or red light, spy-1 hy2 double mutant seedlings (Jacobsen et al., 1996) possess long hypocotyls due to the hy2 mutation-dependent and light-dependent decrease in phytochrome function. In contrast, and similar to the other spy alleles examined, dark-grown spy-1 hy2 seedlings possess short hypocotyls. In the La-er background, dark-grown WT plants (13.16 Ϯ 0.30 mm) also displayed significantly (P Ͻ 0.02) longer hypocotyls than spy-5 plants (10.80 Ϯ 0.90 mm). The short hypocotyl length phenotype was also observed for spy-4 in the light and is opposite to the predicted phenotype for plants with increased GA response or those treated with GA. Treatment of ga1 spy double mutants (Fig. 4a) or spy-4 plants (data not shown) with a saturating GA dose did not restore hypocotyl length to WT values. Ϫ5 M GA 3 , rinsing, and transferring to a solution without GA. The "ϩGA" seedlings were allowed to germinate and grow in the presence of 3 ϫ 10 Ϫ4 M GA 3 . In b, no exogenous GA was added. Data from three independent 35S:SPY lines are shown. Line #4 is also homozygous for the spy-3 mutation. Consistent with increased SPY gene expression, 35S:SPY lines exhibited a subtle but significant (P Ͻ 0.01) long hypocotyl phenotype opposite to that displayed by loss-of-function spy mutants and gai plants (Fig. 4b) . 35S:SPY plants also possessed significantly (P Ͻ 0.001) longer hypocotyls than WT plants in white light (data not shown). Line #4, which is homozygous for the spy-3 mutation and contains elevated levels of SPY mRNA (Fig. 2) , also possessed long hypocotyls in the dark (Fig. 4) , demonstrating that the 35S:SPY construct can functionally complement the germination (Fig. 1) and short hypocotyl length spy mutant phenotypes.
Vegetative Growth of Plants with Altered GA Levels or Response
One of the most obvious effects of GA deficiency in Arabidopsis, the decreased diameter of the vegetative rosette, demonstrates that GA is required for normal leaf growth in LD and short day (SD) photoperiods (Fig. 5) . Repeated treatment of WT plants with GA 3 produced paler, larger plants with longer leaves and larger rosettes. By contrast, severe spy mutants such as spy-2 and spy-4, although paler than WT plants, possess smaller rosettes. This phenotype was not due to differing angles of the leaf above the horizontal for different genotypes, since rosettes were flattened when measured. Furthermore, under SD conditions, spy-2 and spy-4 plants were clearly smaller than WT plants several weeks before flower buds were visible, suggesting that the reduced plant size is not a consequence of increased assimilate distribution to reproductive growth in the earlyflowering spy mutants.
Although severe spy mutants possess smaller rosettes in a GA1 GAI background, loss of SPY activity partially suppressed the dwarf phenotype of ga1 and gai plants (Fig. 5; Jacobsen et al., 1993 Jacobsen et al., , 1996 . Careful examination revealed that whereas gai spy-4 and GAI spy-4 plants are very similar in appearance, spy-4 is not truly epistatic to gai since gai spy-4 double mutants are slightly smaller (Fig. 5) and possess darker leaves and shorter inflorescence internodes than spy-4 mutants (data not shown). A similar lack of epistasis of spy-4 over gai was also observed in the ga1 background for rosette size (Fig. 5 ) and leaf color (data not shown).
Similar to the case for dark-grown hypocotyl elongation, 35S:SPY plants are larger than WT plants at 54 d of age in SD, a phenotype opposite to that exhibited by severe spy mutants and consistent with increased SPY protein levels in 35S:SPY plants. Despite the difference between severe spy mutants and 35S:SPY plants in terms of rosette size, the 35S:SPY construct and spy mutations partially suppress the vegetative dwarf phenotype of the ga1 and gain-offunction gai mutants.
The suppression of the ga1 phenotype has been used as a major criterion for increased GA response in several genetic screens. The partial suppression of the ga1 dwarf phenotype by loss of SPY function and the 35S:SPY construct led us to re-examine how diagnostic this phenotype is of changed GA response. The suppression of the ga1 phenotype by several other mutants known to alter plant growth, but not necessarily alter GA signal transduction, was also examined (Table II) . In addition to spy and rga, mutants thought to possess increased GA response, the mutants tested possess impaired phytochrome activity caused by reduced chromophore biosynthesis (hy1; Davis et al., 1999; Muramoto et al., 1999) , reduced phytochrome B levels (hy3; Reed et al., 1993) , reduced phytochrome action (hy5; Ang et al., 1994) , and loss of ELONGATED (ELG) (Halliday et al., 1996) activity. Of the range of mutants examined, only the spy and rga mutations can visibly suppress the vegetative defects of ga1 and only spy mutations, and to a lesser extent the 35S:SPY construct, can suppress the defects in flower development caused by severe GA deficiency.
Flowering Time of Plants with Altered GA Levels or Response
GAs are known to be involved in flower induction in many, but not all, species. In Arabidopsis, GAs act to promote flowering, and under laboratory SD conditions with light provided by standard white-light fluorescent tubes, severe ga1 mutants do not flower. The flowering time of spy mutants and 35S:SPY lines was examined under LD and SD conditions (Fig. 6 ). In agreement with previous results, treatment of WT plants with GA 3 induced earlier flowering under SD conditions. Mutant spy plants also flower earlier (P Ͻ 0.001) than WT plants, consistent with an increase in GA response and previous reports (Jacobsen et al., 1993; Kania et al., 1997) . Homozygous spy-2 and spy-3 plants flowered at a similar time, whereas spy-4 flowered significantly (P Ͻ 0.001) earlier than the other mutants. The spy-4 mutation restored the flowering time of ga1 spy-4 plants to that of WT plants, demonstrating that in this regard loss of spy function can completely suppress phenotypes caused by GA deficiency. In agreement with the phenotypes for vegetative growth (Fig. 5) , ga1 gai spy-4 triple mutants flowered later (measured by the day of the first open flower) than ga1 spy-4 double mutants, confirming that spy-4 cannot completely suppress the gain-offunction gai phenotype.
Although several of the phenotypes displayed by 35S:SPY plants are opposite to those observed in spy mutants (see above), plants overexpressing SPY mRNA also flower early (Fig. 6 ). This phenotype was observed in LD and SD for multiple independent lines, and also occurred if total or rosette leaf number, rather than time, were used to measure flower induction (data not shown). In addition, early flowering due to the 35S:SPY transgene under LD and SD photoperiods was shown to cosegregate as a dominant trait with the kanamycin resistance phenotype in a population in which the 35S:SPY transgene (line 35S:SPY #2) was segregating (data not shown). The late flowering phenotype of the ga1 and gai mutants was suppressed by spy mutations and the 35S:SPY construct. This result is similar to the suppression of the dwarf phenotype of these mutants (Fig. 5 ) and is consistent with the early flowering of 35S:SPY lines (Fig. 6 ).
Other spy Mutant and 35S:SPY Phenotypes
An additional spy mutant phenotype is a reduction in the size and number of leaf serrations, particularly in SD-grown plants: spy mutants and gai spy double mutants possess essentially unserrated smoothedged leaves (Table III) . By contrast, WT and ga1 plants with or without GA 3 treatments and gai plants all possess serrated leaves. Leaf morphology, therefore, represents another example of a spy mutant phenotype that cannot be duplicated by repeated treatment of WT plants with GA. The leaf serration phenotype also provides a criterion to distinguish between the suppression of gai caused by loss of SPY activity or the 35S:SPY construct. Double-mutant gai spy plants and gai 35S:SPY lines are larger than gai dwarf plants, and the 35S:SPY construct leads to suppression at least as strong as that caused by spy-3 or spy-4 in terms of rosette diameter (Fig. 5) . Nevertheless, the overall appearance of gai spy Ϫ and gai 35S:SPY plants is not identical since unlike gai spy Ϫ plants, gai 35S:SPY plants possess serrated leaves (Table III) .
A novel and unexplained phenotype was observed in SD-grown plants after flowering (Table III) . Depending on the experiment, variable numbers of the severe spy-2 and spy-4 mutants would exhibit cell death approximately 3 cm below the apical meristem, which subsequently led to death of the apical tissue above this point. Lateral meristems from lower nodes continued to grow and eventually set seeds. This phenotype was also observed in gai spy-2 and gai spy-4 plants and in 35S:SPY plants, but not in gai 35S:SPY plants. Although one out of 23 WT plants exhibited a similar phenotype, the frequency did not markedly increase following GA treatment.
DISCUSSION
spy mutants and 35S:SPY lines display a range of phenotypes, suggesting that GA response is altered. In addition, severe spy mutants in the Columbia and La-er backgrounds exhibit phenotypes not expected for plants with increased GA response (e.g. Table I ). This is particularly evident in the La-er background where the presence of a loss-of-function er allele leads to stunted spy mutant plants that possess reduced internode lengths. Although this phenotype suggests impaired growth responses, spy mutants in the La-er background can still partially suppress the ga1 and gai dwarf phenotype. This demonstrates that, regardless of other growth defects, GA response is increased in er Ϫ spy Ϫ plants. By contrast, a comparable effect on the phenotype of 35S:SPY lines has not been observed in the La-er background.
For final hypocotyl length in the La-er (Silverstone et al., 1997) and Columbia backgrounds (Fig. 4) , loss of SPY activity increases GA response at low endogenous GA concentrations, but surprisingly, it decreases growth in plants with a normal or elevated amount of GA. It is not clear why spy mutants display this phenotype, although it cannot be due to decreased levels of endogenous GAs since treatment of ga1 spy double mutants (Fig. 4) or spy-4 plants (data not shown) with a saturating GA dose cannot restore hypocotyl length to WT values. In this case, the apparent change in GA response, as determined by final hypocotyl length, for normal or high exogenous GA levels is likely to reflect roles for SPY in a pathway(s) other than GA signaling (see below).
Introduction of the 35S:SPY construct into a range of Arabidopsis genotypes reduces GA response at seed germination, but causes changes in growth consistent with increased GA response throughout the above-ground part of the plant. Several lines of evidence suggest that the effects of the 35S:SPY construct on the above-ground portion of the plant are not likely to be due to cosuppression. The 35S:SPY lines possess greatly elevated SPY mRNA levels (Fig.  2) , and the ability of the 35S:SPY construct to prevent germination of spy mutant seeds on paclobutrazol ( Fig. 1) Table III ). The 35S:SPY transgene also delays flowering in a spy-4 background (data not shown) consistent with increased SPY protein levels.
Although 35S:SPY lines #2 and #4 differ in the level of SPY overexpression (Fig. 1) , no obvious differences in the phenotypes of these 35S:SPY lines was observed (e.g. Fig. 4) . No correlation between SPY mRNA levels and the magnitude of the 35S:SPY phenotypes, which are similar for all of the construct A lines examined, have been observed. Doubling SPY gene copy number by transforming WT plants with a genomic clone containing the entire SPY gene or using construct F (Fig. 1) functionally complements all spy mutant phenotypes ( Fig. 1 ; data not shown), but does cause detectable changes in GA response or plant development.
The suppression of the gai dwarf phenotype by spy mutations potentially allows the gene order of WT GAI and SPY to be determined. To define gene order in a genetic pathway, epistasis must be defined as the inability, based on plant phenotype, to determine which allele (in this case GAI or gai) is present in a spy mutant background. Because of its severe nature and the fact that it may be a null allele, spy-4 was used for this experiment. Our results demonstrate that although spy-4 can partially suppress gai, spy-4 is not epistatic to gai. In other words, gai spy-4 and GAI spy-4 plants are not identical. As a consequence, the gene order of the GAI and SPY loci in GA signal transduction cannot be determined from these genetic studies. Nevertheless, the fact that the spy-4 mutation is able to substantially suppress the combined effects of GA deficiency and the mutant gai protein in ga1 gai spy-4 plants (Fig. 5 ) strongly supports a role for SPY in regulating GA response. The near-complete masking of the gai phenotype by spy-4 also demonstrates that the ability of the mutant gai protein to impair GA response is largely dependent on normal SPY activity.
The results presented above confirm some previous hypotheses and support several new ideas about the role of SPY in GA signal transduction and plant development. It is clear that some aspects of the spy mutant phenotype indicate that SPY is a negative regulator of GA signaling. The ability of HvSPY to block GA-induced ␣-amylase expression in barley aleurone cells also supports a role for SPY in the GA-signaling pathway. A range of genetic evidence (Jacobsen et al., 1993 ; this paper) also strongly suggests that SPY is a negatively acting component of the GA signal transduction pathway in intact plants. By contrast, other phenotypes displayed by some of the spy mutants are difficult to reconcile with known roles for GAs in plant development. This raises two, mutually nonexclusive, possibilities: GAs have additional, previously unestablished, physiological roles during growth and development, and/or SPY also acts on other, as yet undefined, signaling pathways. Although it would seem reasonable to suggest that some spy mutant phenotypes define novel GArequiring responses, these phenotypes have not been reported in other mutants with altered GA levels or response. Although it is not possible to resolve this issue at present, it is possible that GA response genes such as RGA and GAI, in addition to the known GA biosynthesis genes, only affect a subset of GA responses. If this model is correct, then it appears that treatment of WT plants with exogenous GAs or chemical inhibitors of GAs also does not reveal the full extent of physiological processes requiring or regulated by GAs. The analysis of the lh mutants of pea supports this suggestion. These mutants have been used to demonstrate that GAs are required for normal seed development (Swain et al., 1997 ), a role not apparent from the analysis of other GA-deficient mutants or from treatment of plants with GAs or GA inhibitors.
Although the spy mutant phenotype is more complex than originally suggested, 35S:SPY plants possess a relatively simple phenotype after seed germination, consistent with an increased GA response: longer hypocotyls, larger rosettes, and earlier flowering. Why overexpression of a negative regulator should have this effect is not known, but several explanations are possible. One is that overexpression of the SPY protein causes titration of other proteins that form a complex with SPY. For example, higher levels of SPY might cause the formation of partial complexes or complexes with reduced activity. Possible SPY partners include RGA and GAI, and consistent with this idea, some 35S:SPY phenotypes such as partial suppression of the ga1 and gai dwarf phenotypes could be explained by reduced GAI or RGA activity.
Another hypothesis is that overexpression of the SPY protein activates GA response, perhaps by inappropriately O-GlcNAc modifying target proteins. In this regard, overexpression of SPY in intact plants may be analogous to the slight induction of an ␣-amylase reporter in barley aleurone cells by HvSPY in the absence of exogenous GA (Robertson et al., 1998) . The first model predicts that since SPY is likely to interact with other proteins via its TPR domain, overexpression of this domain alone should be sufficient to cause dominant-negative phenotypes such as increased GA response. Preliminary results suggest that this is the case (T.S. Tseng, S.M. Swain, and N.E. Olszewski, unpublished data). For example, 35S:SPY and 35S:SPY-TPR lines exhibit early flowering and are able to partially suppress the ga1 and gai dwarf phenotypes. By contrast, for seed germination and hypocotyl elongation, 35S:SPY plants exhibit phenotypes opposite to those observed in spy mutants and 35S:SPY-TPR lines. These observations can be reconciled by the hypothesis that some 35S:SPY phenotypes are due to increased SPY activity, whereas others are caused by dominant-negative effects, perhaps due to accumulation of abnormal SPY proteins. Testing of this hypothesis will require the identification of SPY partners and substrates, and a better understanding of whether developmental processes besides GA signaling require SPY.
Because SPY was originally identified genetically (Jacobsen et al., 1993) and the similarity to OGT was recognized (Thornton et al., 1999) , hypotheses regarding the role of SPY in GA response, and possibly other aspects of plant development, have had to become more complex. It now appears likely that SPY is an OGT that interacts with unknown protein partners via its TPR domain to modify as yet unidentified substrates to regulate plant development in several different ways, one of which is to inhibit the GA signal transduction pathway (Fig. 7) . A number of different molecular-genetic and biochemical approaches are presently under way to address these questions.
MATERIALS AND METHODS
All seeds were stratified for 3 d at 4°C under dim light to aid germination. Plants were routinely grown under an 18-h LD photoperiod of 120 mol m Ϫ2 s Ϫ1 consisting of white fluorescent light with a temperature of 22°C (day) and 20°C (night). For plants grown under SD conditions, the photoperiod consisted of 8 h of light (same source as LD) and 16 h of darkness. Unless otherwise mentioned, all Arabidopsis genotypes used are in the Columbia background or were backcrossed three or six times into Columbia from La-er or WS. The ga1-2 mutation is a presumed null allele similar to ga1-3 (Sun et al., 1992) and was backcrossed into Columbia three times from La-er. To allow comparison of the spy mutant phenotypes in different ecotypes, the spy-4 mutation, originally generated by a T-DNA insertion in the WS background, was backcrossed into the Columbia (six times) and La-er (three times) genetic backgrounds. The ethyl methanesulfonategenerated allele, spy-2, was also backcrossed from Columbia into La-er three times.
All constructs were generated using standard molecular techniques. Constructs A and B contained an approximately 6-kbp genomic fragment containing the entire SPY coding region downstream from exon 2. Construct A also included most of the first untranslated exon (3Ј of a unique XhoI site) and the first intron. Construct B differs from A in that it lacks the first exon and includes only 79 bp of the first intron (3Ј of a HindIII site in this intron). Constructs C to F contain the SPY cDNA with or without the first untranslated exon ( Fig. 1; Jacobsen et al., 1996) . The vectors used for plant transformation were based on derivatives of pOCA18 as described in Robertson et al. (1998) .
Plant transformation was essentially as described in Robertson et al. (1998) , except that WT (Columbia), spy-3, and gai (backcrossed three times into Columbia and without the La-er er allele) were infiltrated. To introduce construct F (Fig. 1) into spy-2 plants, heterozygous SPYspy-2 plants were initially transformed and progeny homozygous for spy-2 and a single transgene insert (based on kanamycin segregation) subsequently isolated. Independent transgenic lines #1, #2, and #3, generated by transforming WT (Columbia), were crossed with the ga1-2 mutant (backcrossed three times into Columbia and without the La-er er allele) to generate ga1 plants containing 35S:SPY. Line #1 was also combined with the gai mutation by crossing. Line #4 (spy-3 transformation) and lines #5 and #6 (gai transformation) all represent independent Figure 7 . Model for SPY's role in GA signaling and plant development. The SPY protein is a putative O-GlcNAc transferase and is represented by the rectangle. The reaction involves the transfer of a GlcNAc moiety from UDP-GlcNAc to Ser or Thr residues of target proteins. The 10 TPR domains may interact with other proteins that modify SPY's activity and substrate specificity. Two other GA response components, RGA and GAI, may be upstream or downstream of SPY. RGA and GAI could interact with the TPR domain and/or serve as substrates for SPY. GAs may act via SPY (and RGA and GAI) or SPY could modify GA response, possibly by regulating RGA and GAI activity. Based on the phenotypes of spy mutants, SPY may also respond to other signals or be involved in other responses, in addition to its role in GA response.
transformation events. All lines described in detail here contain a single locus, based on segregation of kanamycin resistance, containing construct A (Fig. 1) . All of the 35S: SPY phenotypes described in this paper were consistently observed for multiple independent lines over several generations in at least two experiments. Values are shown as the means Ϯ se, and Student's t test was used to determine the statistical significance of differences between genotypes.
